Abstract
Dilution of aluminum discharged to reservoirs in filterbackwash effluents at water-treatment facilities in Massachusetts was investigated by a field study and computer simulation. Determination of dilution is needed so that permits for discharge ensure compliance with water-quality standards for aquatic life. The U.S. Environmental Protection Agency chronic standard for aluminum, 87 micrograms per liter (µg/L), rather than the acute standard, 750 µg/L, was used in this investigation because the time scales of chronic exposure (days) more nearly match rates of change in reservoir concentrations than do the time scales of acute exposure (hours).
Whereas dilution factors are routinely computed for effluents discharged to streams solely on the basis of flow of the effluent and flow of the receiving stream, dilution determination for effluents discharged to reservoirs is more complex because (1), compared to streams, additional water is available for dilution in reservoirs during low flows as a result of reservoir flushing and storage during higher flows, and (2) aluminum removal in reservoirs occurs by aluminum sedimentation during the residence time of water in the reservoir. Possible resuspension of settled aluminum was not considered in this investigation. An additional concern for setting discharge standards is the substantial concentration of aluminum that can be naturally present in ambient surface waters, usually in association with dissolved organic carbon (DOC), which can bind aluminum and keep it in solution.
A method for dilution determination was developed using a mass-balance equation for aluminum and considering sources of aluminum from groundwater, surface water, and filter-backwash effluents and losses caused by sedimentation, water withdrawal, and spill discharge from the reservoir. The method was applied to 13 reservoirs. Data on aluminum and DOC concentrations in reservoirs and influent water were collected during the fall of 2009. Complete reservoir volume was determined to be available for mixing on the basis of vertical and horizontal aluminum-concentration profiling. Losses caused by settling of aluminum were assumed to be proportional to aluminum concentration and reservoir area. The constant of proportionality, as a function of DOC concentration, was established by simulations in each of five reservoirs that differed in DOC concentration.
In addition to computing dilution factors, the project determined dilution factors that would be protective with the same statistical basis (frequency of exceedence of the chronic standard) as dilutions computed for streams at the 7-day-average 10-year-recurrence annual low flow (the 7Q10). Low-flow dilutions are used for permitting so that receiving waters are protected even at the worst-case flow levels. The low-flow dilution factors that give the same statistical protection are the lowest annual 7-day-average dilution factors with a recurrence of 10 years, termed 7DF10s. Determination of 7DF10 values for reservoirs required that long periods of record be simulated so that dilution statistics could be determined. Dilution statistics were simulated for 13 reservoirs from 1960 to 2004 using U.S. Geological Survey Firm-Yield Estimator software to model reservoir inputs and outputs and present-day values of filter-effluent discharge and aluminum concentration.
Computed settling velocities ranged from 0 centimeters per day (cm/d) at DOC concentrations of 15.5 milligrams per liter (mg/L) to 21.5 cm/d at DOC concentrations of 2.7 mg/L. The 7DF10 values were a function of aluminum effluent discharged. At current (2009) effluent discharge rates, the 7DF10 values varied from 1.8 to 115 among the 13 reservoirs. In most cases, the present-day (2009) discharge resulted in receiving water concentrations that did not exceed the standard at the 7DF10. Exceptions were one reservoir with a very small area and three reservoirs with high concentrations of DOC. Maximum permissible discharges were determined for watertreatment plants by adjusting discharges upward in simulations until the 7DF10 resulted in reservoir concentrations that just met the standard. In terms of aluminum flux, these discharges ranged from 0 to 28 kilograms of aluminum per day.
Introduction
Treatment of water supplies by aluminum sulfate (alum) coagulation, settling, and filtration prior to distribution has been a common practice in the United States (Gruninger and Westerhoff, 1974) and is currently used in many watertreatment plants in Massachusetts (Mass.) . The effect of this treatment is settling and removal of aluminum hydroxide flock with associated coprecipitated contaminants.
Typically, alum is applied in dry form or as a concentrated liquid to the supply water. The aluminum combines with hydroxide from the water and forms an aluminum hydroxide precipitate. Contaminants such as dissolved natural organic matter, colloidal inorganic or organic particles, and dissolved ions such as phosphate and heavy metals can be removed. The precipitate is removed from the supply in gravity settling basins and by filtration, often through sand filters. Waste solids from the alum-coagulation process can derive from both the coagulation-sedimentation-basin wastewater and from filter backwash. In this report the wastes are referred to as filterbackwash effluent. The filter-backwash effluent is typically discharged from the treatment plant to a settling basin, with overflow to a surface-water body-a stream, lake, or reservoir. This report is concerned with establishing permit requirements for discharge of aluminum-containing filter-backwash effluent from public water supply (PWS) treatment facilities to lakes or reservoirs. In Massachusetts, permits for discharge are regulated by the Massachusetts Department of Environmental Protection (MassDEP) under the National Pollution Discharge Elimination System (NPDES).
Many of the discharged filter-backwash effluents from PWS treatment facilities contain aluminum concentrations that are above ambient water-quality standards but that may be acceptable for discharge if sufficiently diluted by the receiving waters. Typically, discharge permits account for dilution by use of dilution factors. A dilution factor (DF) is the ratio of concentration in the effluent to concentration in the receiving water after mixing in the receiving water.
DFs are routinely computed for effluents discharged to streams (without significant instream ambient contaminant concentrations) as the ratio of flow in the stream to flow in the effluent (U.S. Environmental Protection Agency, 2008):
where Q p is the flow in the stream, and Q e is the flow of the effluent. In order to ensure that DFs are protective of aquatic life at the range of flows that might occur, permits for discharge of metals to streams are based on low-flow conditions, when little stream water is available for dilution. Permitting for metals discharge in Massachusetts defines low-flow conditions as the 7-day-average 10-year-recurrence annual low flow (7Q10) and sets discharge limits based on the DF at that flow value.
Filter-backwash discharges from PWS can be as high as one million gallons per day or 1.55 cubic feet per second (ft 3 /s), and diluting stream flow discharges can be as small as a few cubic feet per second at low flow. Thus, if DFs for reservoirs were estimated as they are for streams, low DF values (less than 10) could result during low flow, and many current discharges would exceed the standard. However, additional processes that would likely increase the minimum DF values are involved for dilution of effluents entering reservoirs, as compared to effluents entering streams. These are (1) that additional water is available for dilution in reservoirs during low flow because of reservoir flushing and storage during higher flows and (2) that aluminum removal occurs in reservoirs because of aluminum sedimentation during the residence time of water in the reservoir.
Another factor to consider when estimating the DF is the ambient concentration of aluminum from natural sources in the diluting stream or reservoir water. Aluminum concentration data from the U.S. Geological Survey (USGS) water-quality database (QWDATA) indicates that dissolved (0.45-µm filtrate) aluminum concentrations in Massachusetts surface-water samples collected during 1991-2009 ranged from undetected to 383 micrograms per liter (µg/L), with a median concentration value of 14.5 µg/L (n equals 261) and that total concentrations ranged from undetected to 519 µg/L, with a median concentration value of 100 µg/L (n equals 65). The chronic and acute toxicity water-quality standards for aluminum are 87 and 750 µg/L, respectively, as total aluminum (U.S. Environmental Protection Agency, 2010). Therefore, there may be some filter-backwash effluent disposal sites with aluminum concentrations in the receiving waters that would already exceed the U.S. Environmental Protection Agency chronic standard.
Whereas accounting for all the processes affecting aluminum concentration could result in accurate DFs for aluminum discharge into reservoirs, the use of DFs in permitting may be more complex than the use of DFs for streams, which is based only on the ratio of receiving water flow to effluent flow. The flow-ratio DF for streams, defined at low flow (7Q10), is a unique value and can be applied to any effluent concentration to determine concentration in the receiving water after dilution. In particular, the effluent concentration can be computed that would result, after dilution, in a receiving water concentration that just meets the standard, and this can be used as an upper-limit effluent concentration for permitting discharge.
When the DF also depends on processes like aluminum sedimentation in the reservoir, the DF is not independent of the concentration in the effluent discharge. Typically, the DF for reservoirs increases as the concentration discharged increases. Under these circumstances, statistical analysis of the concentrations in the receiving water resulting from a given discharge and associated daily DFs must be used to choose a discharge concentration-dilution combination that will protect the reservoir. The discharge concentration-dilution combination that is selected should afford the receiving water the same protection on the basis of frequency of standard exceedence as that resulting for discharge to streams when the flow-ratio dilution factor, based on the 7Q10 discharge, is used.
Purpose and Scope
A method is described here that uses numerical solutions to a mass-balance equation to determine DF values for discharge of filter-backwash effluent that contains aluminum to reservoirs and lakes in Massachusetts. The method includes the effects of reservoir storage, aluminum sedimentation, and ambient concentration of aluminum in the receiving water. Possible resuspension of aluminum from the sediment is not considered. A method is described to use the resulting DFs to determine concentrations in filter-backwash effluent that would result in the same statistically equivalent protection against exceeding a standard for reservoirs that is currently provided for streams. Sufficient details are given so that the methods can be applied by report users with access to numerical-solution and statistical-analysis computer software. The method was applied to 13 reservoirs in Massachusetts where aluminum-containing filter backwash is discharged. Chemical and discharge data required to apply the method to a reservoir are described. The report includes data collected for those reservoirs for which DF values were computed.
Previous Investigations
Although there have been no formal investigations of DFs for aluminum in reservoirs before this study, aspects of the question, including techniques for metals sampling and solute modeling in reservoirs, have been investigated. Sampling methods for trace metals, such as aluminum, are well documented (Wilde, 2004 (Wilde, , 2006 . Although no reservoir simulations of aluminum concentration are known to the authors, reservoir simulations of phosphorus concentration, another nonconservative element, have been conducted (Vollenweider, 1979 ). In the current study, the same approach is used for aluminum as Vollenweider (1979) has used for phosphorus, simulating the reservoir as a mixed reactor with solute removal by sedimentation as well as by outflow from the reservoir.
The aquatic chemistry of aluminum is well known. Chemical processes may enhance the removal of aluminum by precipitation (see, for example, Parkhurst and Appelo, 1999) or retain aluminum in solution, for example, by binding with dissolved organic carbon (DOC) (see, for example, Breault and others, 1996) . Aluminum may also be deposited as sediment after incorporation on, and settling by, phytoplankton.
The Dilution-Factor Method
There are two parts to developing a method for computation of DF values for aluminum discharge to reservoirs. The first is developing the method for computing dilution at any given time for a given reservoir and discharge. This requires knowledge of mass-balance inputs and outputs of aluminum to and from the reservoir and numerical solution of an ordinary differential equation for concentration in the reservoir. The second part is developing a method for applying the reservoir DFs to permit writing that results in protection of the receiving water that is statistically comparable to the protection afforded by DFs determined at low flow (7Q10) for discharge to streams.
Calculating Dilution
As discussed in the Introduction section, more factors are involved in dilution of aluminum-containing effluents that discharge to reservoirs than in discharge to streams. The additional factors are (1) dilution by water stored in the reservoir after flushing at high flow, (2) in-reservoir losses of aluminum through sedimentation, and (3) occasional natural occurrence of aluminum at high concentration in input streams. High natural aluminum concentrations, usually associated with high concentrations of aluminum-stabilizing DOC, render receiving waters less effective at diluting aluminum discharged from treatment plants.
The method for computing DF values that includes these three factors requires the numerical integration of the reservoir mass-balance equation for aluminum-concentration change. The mass-balance equation is:
where C is the total aluminum concentration in the reservoir water, Q e is the discharge of the filter-backwash effluent, C e is the total aluminum concentration in the filter-backwash effluent, Q s is the discharge of the streams that are influent to the reservoir, C s is the total aluminum concentration in the stream, Q g is the discharge of groundwater that is influent to the reservoir, C g is the total aluminum concentration in the groundwater, Q w is the sum of water withdrawal for water supply and the downstream discharge from the reservoir, A is the area of the reservoir, S v is the apparent settling velocity of total aluminum in the reservoir, V is the volume of the reservoir subject to mixing, and t is time. The numerical integration of the mass-balance equation results in C, the aluminum concentration in the reservoir at any time t, and requires the specification of the variables shown in on the right side of equation 2. The DF value at any time t is then
Equation 2 was solved numerically in this study using the MatLab differential equation solver named "ode45" (Shampine and Gordon, 1975; Dormand and Prince, 1980) , as described in appendix 1.
Calculating the Settling Velocity
The settling velocity, used to compute the loss of aluminum due to settling to the bottom sediment, can be determined from successive solutions of equation 2, using trial settling velocities, initial conditions determined from field data, which would likely increase the minimum DF values, and the additional data requirements used to solve equation 2 previously described. Simulated aluminum concentrations are compared to measured concentrations after each simulation run, and the settling velocity is adjusted (increased if simulated concentration was greater than measured, or vice versa) until the best agreement of predicted and measured plots is obtained, as determined by visual inspection. Because sampling four times at monthly intervals generated too few data points, more formal statistical curve fitting was not possible.
Dilution at Low Flow
The second part of developing discharge permits appropriate for reservoirs requires statistical analysis of the DF daily values to determine the relation between the concentration in the effluent and the frequency of the aluminum discharge exceeding the standard after dilution in the receiving water. For this study, the aluminum standard is taken as the chronic standard of 87 µg/L. The chronic, rather than the acute, standard (750 µg/L) was selected in consultation with the Mass-DEP, because concentrations in reservoirs change relatively slowly-on the order of days. All exposures to aluminum in reservoirs, therefore, are likely to be chronic exposures. For permitted limits, the frequency of standard exceedence for the reservoir should be at the same rate as for discharge to a stream regulated by a flow-ratio DF at low flow (7Q10).
Permits based on DF at the 7Q10 flow for discharge to streams set limits that would result in the highest annual 7-day-average concentration in the stream exceeding the standard, on average, once every 10 years. By analogy for discharge to reservoirs, permitting should result in the highest annual 7-day-average concentration in the reservoir exceeding the standard, on average, once in every 10 years. Because DFs for discharge to reservoirs are proportional to the reciprocal of reservoir concentration (equation 3), the highest annual 7-dayaverage reservoir concentration with a recurrence of 10 years would correspond to the lowest annual 7-day-average DF with a recurrence of 10 years. By analogy with flow, this is termed the 7DF10.
Unlike 7DF10 values for discharge to streams, the 7DF10 value for discharge to reservoirs is a function of effluent discharge concentration (C e ). That is because the settling and the reservoir-discharge terms for aluminum in equation 2 depend on the aluminum concentration in the reservoir, which in turn is affected by the concentration in the effluent discharge. For every C e value, there is a corresponding 7DF10. But there is only one 7DF10 and C e pair that results in a reservoir concentration that just meets the chronic water-quality standard. Determination of this pair may necessitate computation of several 7DF10-C e pairs that result in reservoir concentrations that bracket the standard, followed by interpolation to the values that result in the chronic standard being met in the reservoir.
In practice, the long DF records required to determine the 7DF10 are obtained by solving equation 2 for C each day. The daily concentrations are used to compute daily DFs from equation 3 and analyzed for a 7-day running average. The lowest 7-day average is selected for each year. The yearly data are fitted to a known distribution; a log Pearson type III distribution gave the best fit in this investigation. Finally, the DF at the 10th percentile is selected from the fitted distribution. The software SWSTAT is available to compute the 7-day averages, to select annual values, and to fit the frequency distribution (U.S. Geological Survey, 2002).
Data Requirements
Long records of hydrologic data are required to determine accurate 7DF10 values. This project determined 7DF10 values from daily DF values computed from 1960 to 2004. The reservoir input-and output-flow data used in the DF calculations represented hydrologic conditions over this period, but the effluent discharge and effluent concentration data were based on present-day practices for the water-treatment facilities. Therefore, the study results are for present practices for aluminum discharge and hydrologic variation that is representative of the 1960-2004 period. The implied assumption in application of the results is that future hydrologic variation will be similar to past variation.
Flows and Reservoir Volumes
Past investigations of reservoir flow and capacities in Massachusetts have produced hydrologic-analysis software for computing flows and volumes. For streamflow, the Massachusetts Sustainable Yield Estimator can be used (Archfield and others, 2010) . Groundwater input and volume changes in reservoirs can be determined from the Firm-Yield Estimator 1 (Waldron and Archfield, 2006; Archfield and Carlson, 2006; Levin and others, 2011) . Reservoir bathymetry, which is necessary for the volume change estimates, is available from the water suppliers or may be obtained by bathymetricsurvey techniques.
Filter-Backwash Effluent Flows
Values of filter-backwash effluent flows are available from records kept by the PWS operators. Monthly average values and maxima are reported on Discharge Monitoring Requirement forms (K. Keohane, Massachusetts Department of Environmental Protection, written commun., 2010). More detailed records are also usually kept by suppliers and may be available on request.
Water Quality
Aluminum-concentration estimates are needed for influent streams and groundwater and for filter-backwash effluent discharge. In addition, aluminum concentrations in the reservoirs are needed for initial concentrations in the settlingvelocity trial simulations and to determine if simulated results match measured results. DOC concentrations in the reservoirs are also needed for simulations, because settling velocity depends on DOC.
Application of the Dilution-Factor Method to Reservoirs
Application of the dilution-factor method to discharges of reservoirs requires that daily reservoir input flows and aluminum concentrations be computed so that daily in-reservoir aluminum concentrations can be computed by solution of equation 2 and daily dilution factors computed from equation 3. Then the 7-day annual mean lowest dilution factor with a 10-year recurrence (7DF10) is computed and used with the discharge aluminum concentration in equation 3 to determine the reservoir concentration that would apply at that low level of dilution.
If the computed reservoir aluminum concentration that results happens to be at the chronic standard, then the discharge concentration used would be the amount permitted for discharge. If the reservoir aluminum concentration is below the chronic standard, then a higher discharge concentration (double, for example) is chosen and then analysis begins again at number 2.
Determination of a 7DF10 and C e pair that results in a reservoir concentration that just meets the chronic water-quality standard may necessitate computation of several 7DF10-C e pairs that result in reservoir concentrations that bracket the chronic standard. Interpolation can then determine the values that result in the chronic standard being met in the reservoir.
Reservoirs Studied
The dilution-factor method was applied to 13 reservoirs in this investigation to assess the discharge concentration that would meet the chronic aluminum standard (table 1) . Of these, five were chosen for more intensive sampling used for determining settling velocities of aluminum in the reservoirs.
During discussion between the USGS and MassDEP before the project was initiated, 21 candidate reservoirs were identified for the study of aluminum dilution. For reasons of unavailability of data, special discharge circumstances, or determination that no aluminum was being discharged to a reservoir, 8 of the original 21 were not further investigated for dilution factors (appendix 2).
Flow, Area, and Volume Calculations
Daily streamflow inputs to reservoirs (Q s ) were simulated using the Massachusetts Sustainable-Yield Estimator (Archfield and others, 2010) for the period October 1960 through September 2004. At the five reservoir sites chosen for settlingvelocity determinations, the flow estimates were extended through December 2009, so that simulation data could be appropriately compared to measured data collected in fall 2009. Daily groundwater input and output flows (Q g ), daily reservoir volumes (V), and reservoir outflows, a component of Q w , were estimated with the Firm-Yield Estimator (Waldron and Archfield, 2006; Archfield and Carlson, 2006; Levin and others, 2011) , which was modified to run on a daily time step. Daily water use, a component of Q w , was estimated by disaggregating average reported monthly withdrawal volumes from 2005 to 2009. Discharge flows of the filter-backwash effluent (Q e ) were determined variously from reporting from the suppliers to MassDEP or from more detailed descriptions made by the suppliers to USGS (appendix 3).
Regulation of reservoirs constituted additional inputs and withdrawals not dependent on the hydrologic cycle, and data on these were provided with a variable amount of detail from suppliers (appendix 3). Bathymetric surveys, needed for determining reservoir volume and surface area at different depths, were completed by boat survey or obtained from previous studies of the reservoirs (appendix 3). 
Water-Sample Collection, Processing, and Chemical Analysis
Required water-quality samples include those used for aluminum input and output calculation, as well as those used for ancillary water-quality assessment. Thus, in addition to aluminum-concentration samples, samples were collected for determination of DOC concentrations used to assess effects on aluminum-settling velocity; and for measurements of pH, temperature, dissolved oxygen concentrations and conductance, all of which were used to assess aluminum solubility and mixing in the reservoirs.
Samples for aluminum analysis were collected using clean-sampling techniques (Wilde, 2004 (Wilde, , 2006 and preserved on return to the Northborough, Mass., laboratory with 0.5 milliliter (mL) of concentrated HNO 3 per 125-mL polyethylene bottle. The acid-preserved samples were sent to the USGS National Water Quality Laboratory in Denver, Colorado (Colo.), for aluminum analysis after inbottle acid digestion (Hoffman and others, 1996) . The analytical method was inductively coupled plasma-mass spectrometry (Garbarino and Struzeski, 1998) . The reporting level was 5 µg/L.
Many aluminum devices, including boats, which may be in proximity to samples, make special care necessary during collection and processing of these samples to prevent sample contamination. Sampling equipment and bottles were contained in plastic bags and not exposed to boat surfaces.
Samples for DOC were filtered in the field with Aquaprep, 0.45-µm inline filters, and stored in prebaked, brownglass, 125-mL bottles. Samples were acidified on return to the laboratory in Northborough, Mass., with 1.0 mL of 4.5 N H 2 SO 4 . The acid-preserved samples were sent to the USGS National Water Quality Laboratory in Denver, Colo., for DOC analysis by ultraviolet-promoted persulfate oxidation and infrared spectrometry (Garbarino and Struzeski, 1998) . The reporting level was 0.15 mg/L.
The field parameters pH, temperature, dissolved oxygen, and conductance were determined using a Eureka Manta multiprobe. Values can be read with the instrument lowered to the required depth in the reservoir or from samples poured into the multiprobe cup at the surface.
Depth-profile samples, collected for aluminum in two reservoirs, were obtained by pumping at the surface with a peristaltic pump on plastic tubing lowered to sampling depths. A Eureka multiprobe, lowered to sampling depths, measured pH, temperatures, conductances, and concentrations of dissolved oxygen of samples. The probe was calibrated for pH, conductance, and dissolved oxygen on a daily basis.
Samples for aluminum analysis for most reservoirs were collected during one reservoir visit in the fall of 2009. Samples were collected to determine aluminum concentrations in backwash discharge (C e ), input streams (C s ), and three-sample reservoir-surface composites (C). Samples from reservoirs selected for settling-velocity calculations were collected dur-ing the late summer and fall 2009 (generally in four samplings spanning 3 months).
Groundwater aluminum concentrations (C g ) were determined from data retrieved from the USGS water-quality database QWDATA. The retrieval was from all groundwater sites in Massachusetts after 1991, when clean-sampling techniques were implemented for metals. Dissolved (filtered-sample) concentrations were used, the assumption being that most aluminum transport in the aquifer is in the dissolved state. The median concentration value of 10 µg/L (n equals 452) was used. This value, 10 µg/L, was the method detection limit for many of the analyses. Use of the data median for the concentration of aluminum in groundwater, rather than a measured value for each reservoir, likely added little uncertainty to our model because groundwater fluxes (from the Firm-Yield Estimator described in the previous section) were small or zero for the reservoirs.
Quality Assurance of the Water-Quality Data
During the investigation, 27 quality-assurance (QA) samples were collected to assess error in aluminum and DOC measurements, including sample-bottle and acid blanks, standard reference samples, duplicate samples, and sample splits (table 2) . QA results of the blank samples showed that possible contamination during sampling or sample handling or from sampling materials (the bottles and preservation acid) was insubstantial or did not occur. All concentrations measured for the four sampling-bottle blanks collected during the study were below detection for the respective analytes (table 2). Two samples of USGS standard reference solution (USGS T-195) submitted to the National Water Quality Laboratory as blind samples were within 4 percent of the known values (table 2). Concentrations of both aluminum and DOC in duplicate samples varied by about 1 percent. The good agreement for duplicates and standards and lack of contamination in blanks indicated that the clean-sampling techniques applied during sampling collection and processing were adequate.
Water-Quality Results and Associations
Aluminum measured in the reservoirs ranged from a low of less than 6 µg/L (below detection limit) to a high of 414 µg/L (appendix 4). Concentrations of DOC in the reservoirs ranged from 1.5 to 15.5 mg/L, with a median value of 3.4 mg/L. The higher concentrations of DOC were likely dominated by humic compounds, which leach into water from wetland soils ( fig. 1) (Aitkenhead-Peterson and others, 2003) .
Aluminum can bind chemically with DOC so that high-DOC systems typically have high natural aluminum concentrations (as determined in Massachusetts by Breault and others, 1996) . The binding of aluminum by DOC keeps aluminum in solution in the water column, whereas unbound aluminum would precipitate from solution once the solubility product for the precipitate, aluminum hydroxide, was exceeded. Iron and aluminum form complexes with DOC or colloidal oxyhydroxides mixed with DOC, which keep the metals from settling from the water column (Berner and Berner, 1996) . Sampling of reservoirs and streams for this study shows an association between DOC and aluminum ( fig. 2) .
In the absence of DOC, the solubility of aluminum in water is low. Depending on what solid phase forms, solubility of aluminum could range to lower than 1 µg/L for the pH range 4.7 to 7.0. The lower concentrations in equilibrium with gibbsite are energetically favored, but equilibrium with this phase is established more slowly than with the more soluble amorphous form of Al(OH) 3 (fig. 3) . The low solubility of aluminum indicates that much of the aluminum discharged to reservoirs would likely settle to the bed sediments and remain there. Removal of aluminum by settling of the precipitate likely contributes substantially to the settling-velocity term of equation 2. Table 2 . Results of quality-assurance evaluation of sampling for aluminum and dissolved organic carbon.
[Al, aluminum; DOC, dissolved organic carbon; µg/L, micrograms per liter; mg/L, milligrams per liter; USGS, U.S. Geological Survey; %, percent]
Quality assurance measure Details Number of samples Result
Bottle blanks Sample bottles were filled in the field with blank water, and were preserved with acid.
5 Al and 2 DOC All concentrations less than the method detection limit-6 µg/L for Al and 0.4 mg/L for DOC.
Standard reference sample USGS standard reference water sample, number T-195.
2 Al Mean relative error was 4%.
Duplicates at one time Samples taken sequentially on one sampling occasion.
13 Al and 13 DOC Mean relative error was 2.1% for Al and 1.2% for DOC. High DOC is also associated with lower pH, because many of the DOC compounds are acids-particularly humic acids and fulvic acids (McKnight and others, 2003) . A correlation between DOC and aluminum could conceivably be an effect of pH, rather than of DOC. The aluminum concentration data for reservoirs and streams plotted against pH ( fig. 4) shows little correlation, however, indicating that pH is probably not the primary factor that controls aluminum concentration.
Aluminum Mixing in Reservoirs
Dilution factors depend on the mixing volume in the receiving water that is available for dilution. In streams, the whole streamflow is used as the dilution volume, even though complete dilution across the stream channel likely happens some distance downstream from the point of effluent discharge, usually from a pipe or channel. For reservoirs, the entire reservoir volume should be available for dilution if mixing is rapid with respect to the rate of effluent discharge.
Mixing for reservoirs was investigated with vertical-and horizontal-profile sampling. Vertical profiles of two reservoirs show that, although temperature stratification occurs, typically with a thermocline at 6-m depth, aluminum concentrations are relatively constant above the thermocline and decrease somewhat below the thermocline (fig. 5 ). The absence of substantial vertical stratification of aluminum concentrations above the thermocline and the fact that only a small percentage of the total volume of the reservoirs was below the thermocline support an assumption of full reservoir availability for modeling of aluminum dilution.
Horizontal mixing was assessed by collecting separate samples from three widely separated surface points in Fresh Pond Reservoir on August 19, 2009 (appendix 4). The aluminum concentrations were identical (7 µg/L). Despite this evidence of horizontal mixing, reservoir concentrations were assessed in composites of samples from three surface locations. 
Settling-Velocity Results
Aluminum settling velocity was estimated in five reservoirs selected to represent a range of DOC concentrations (table 3) . Averages by reservoir of the three to four measured values for aluminum concentrations of input surface water (C s ) and filter-backwash effluent (C e ) were used in the simulations. The aluminum concentration used for groundwater (C g ) was 10 µg/L (see section "Water-Sample Collection, Processing, and Chemical Analysis") determined from the USGS QWDATA database.
Input data for one of the settling-velocity reservoirs (Upper Naukeag) could not be obtained because none of the streams were flowing. Also, the aluminum concentrations in the effluent discharge were highly variable, ranging from 183 to 3,390 µg/L. Without better control on the concentrations of aluminum discharged, solution of equation 2 for settling velocity was not possible; therefore, Upper Naukeag Lake was excluded from the analysis for settling velocity.
Simulations of reservoir concentrations of aluminum (by solution of equation 2, see section "Calculating Dilution") for each reservoir were run forward in time from the initial conditions, with differing settling velocities in successive trials for each reservoir. Trials were continued until approximate agreement was reached between measured and simulated concentrations ( fig. 6 ). Initial conditions for each trial used the aluminum concentration measured in the first sampling.
Results from the four reservoirs used indicated that settling velocity does vary as a function of DOC, but that the relation was overly dependent on one of the reservoirs, Lily Pond (red line, fig. 7 ). Three of the four average DOC concentrations ranged from 2.7 to 4.5 mg/L, and corresponding best visual-fit settling velocities ranged from 18 to 15 centimeters per day (cm/d). The average DOC concentration in the fourth reservoir, Lily Pond, was 15 mg/L, and the best visual-fit settling velocity was zero. The zero settling velocity indicates that aluminum passage through the reservoir was completely conservative, the DOC apparently maintaining this otherwise insoluble element in solution.
The possibility that settling velocity may also be zero for DOC concentrations lower than 15 mg/L cannot be evaluated using data from the four reservoirs alone because none of the reservoirs selected for settling-velocity determination had intermediate DOC values. However, sampling results from the method-application reservoirs indicated that the DOC concentration in Great Pond, Weymouth, was intermediate (7.8 mg/L). Settling velocity was estimated for Great Pond by extending the streamflow analysis for this pond through 2009. Successive trials were run forward from 1960, and the best-fit settling velocity determined using the aluminum value for the one sampling date available was 1.5 cm/d. The low settling velocity for this reservoir indicates that most of the aluminum was stabilized by DOC, but a small fraction was subject to settling. Linear least-square fit excluding Lily Pond but including Great Pond is shown by the gray and red line ( fig. 7) . Assuming that the x-axis intercept of this second regression line indicates the point at which all the aluminum is stabilized, the DOC-settling velocity relation between the x intercept and Lily Pond would coincide with the x axis (gray line, fig. 7) .
DOC concentrations for all of the remaining methodapplication reservoirs were less than that of Great Pond, Weymouth, so that the second regression line Sv equals -3.9 * DOC + 32 can be used to estimate settling velocities for these reservoirs.
Although the analysis of the conditions in the reservoirs to compute settling velocity required substantial effort, the . Relation between aluminum settling velocity and average concentrations of dissolved organic carbon. All results were from fitting simulation results to four sample measurements, except for the results for Great Pond, which were fit to one sample measurement. Equations are linear least-square fits of data.
number of reservoirs and amount of data were not sufficient to define the DOC-settling velocity relation with certainty. Uninvestigated are any seasonal effects that may apply. The relation was used tentatively in this study and its appropriateness considered in the comparison of predicted versus measured results for all the reservoirs.
Aluminum Simulation Results
Simulations of aluminum concentrations in reservoir water columns are integral to determining the dilution factors, which are simply the ratios of aluminum concentration in the filter-backwash effluent to that of the reservoir. As an example, reservoir concentrations were calculated for Quittacas Pond The settling velocity was calibrated using data from 5 of the 13 reservoirs, so the modeling approach can be verified to a degree by comparing predicted and measured aluminum concentrations for the remaining 8 application reservoirs. There was one outlier site, the unnamed pond at Clinton, Mass., which had a measured aluminum value of 221 µg/L and simulated aluminum value of 1,000 µg/L. This site also had uncertain inflow. The effluent discharge was to a small water body immediately below the large dam of the Wachusett Reservoir. Substantial flow by leakage from the upper reservoir likely occurred that was not accounted for in the Massachusetts Sustainable Yield Estimator analysis. The leakage flow could have diluted the aluminum concentration that was measured. 
Dilution-Factor Results
As computed by the ratio of discharge concentration to reservoir concentration (equation 3), DF values are variable and can range over several orders of magnitude ( fig. 10 ).
Low-Flow Dilution
As explained in the section named "Investigative Design," DF values that represent the least amount of dilution are of interest for the purpose of setting discharge permits that are protective of the resource. In determining the 7DF10, the lowest 7-day average for each year is selected ( fig. 11) . Next, the annual minimum 7-day-average dilution factors are fit to a known distribution, so that the value with a 10-year recurrence interval (7DF10) can be selected (fig. 12) . The 10-year recurrence interval corresponds to an annual nonexceedence probability of 10 percent. For simulation data from Quittacas Pond, the 7DF10 is 4.80 ( fig. 12 ).
Finding the Maximum Permissible Aluminum Discharge
The goal of permitting is to protect water supplies from concentrations of aluminum toxic to aquatic life. To achieve that, it is important to know the maximum permitted discharge that would result, after low-flow dilution, in a reservoir concentration that just meets the standard. Because the DF is the ratio of concentrations of aluminum in the effluent to concentrations of aluminum in the reservoir water, the reservoir aluminum concentration at the 7DF10 can be computed. That concentration for Quittacas Pond is 438/4.80 equals 91.3 µg/L. The chronic criterion concentration for aluminum is 87 µg/L; therefore, this water supply system is just over the standard (by 4.3 µg/L).
With discharges to streams, equation 3 can be used with the 7DF10 to determine the highest allowable aluminum discharge, which would be the value of C e when C is 87 µg/L, the chronic limit. Determining how much decrease or increase 0 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 18,000 Fit of lowest annual 7-day-average dilution data to log Pearson type III distribution for Quittacas Pond, New Bedford. The lowest annual 7-day-average dilution factor with a 10-year recurrence interval, which is the 7DF10 value, corresponds to the annual nonexceedence probability of 10 percent, as indicated by the dashed line, and is equal to 4.80.
is possible for reservoirs is complex, however, because the 7DF10 may change when the discharge is changed.
For example, when C e of Quittacus Pond is changed from 438 to 200 µg/L, the 7-day-average values decrease ( fig. 13) . When fit to the log Pearson type III distribution, the 7DF10 value is less also (fig. 14) . The new 7DF10 is 2.27, which corresponds to a reservoir concentration of 200/2.27 equals 88 µg/L, approximately equal to the chronic standard.
By comparison with the range of reservoir DOC concentrations measured in this study (1.5 to 15.5 mg/L, with a 3.4 mg/L median), Quittacas Pond has a relatively high DOC concentration, 6.9 mg/L and thus high aluminum concentrations and low DFs, and it therefore requires a lower aluminum discharge than currently used to meet the standard. For other reservoirs and surface-water supplies with lower DOC concentrations, effluent concentrations after low-flow dilution would be expected to result in reservoir concentrations that were lower than the chronic standard. For example, the 7DF10 under the present effluent discharge for South Reservoir is 105, and the associated aluminum concentration in the reservoir is 12.5 µg/L. This water supplier could increase the aluminum discharge and still be in compliance.
Generally, as concentration of effluent discharged to a reservoir is increased, the 7DF10 increases also. However, the 7DF10 eventually converges on one value in successive model runs ( fig. 15) .
Multiple 7DF10-C e pairs are thus required to find the one that corresponds to the reservoir concentration that is at the chronic standard. This computationally demanding requirement is lessened for ranges of C e for which the variation of 7DF10 with C e is approximately linear. In those ranges, the plot of C versus C e will also be linear, and the value of C e that will correspond to the chronic standard being met in the reservoir can be determined by interpolation within these linearresponse zones ( fig. 16) .
Comparison of aluminum concentrations at a permitted discharge with C e equals 200 µg/L and the current discharge with C e equals 436 µg/L are shown for Quittacas Pond ( fig. 17) . At C e equals 200 µg/L, the simulated concentrations are slightly less than at C e equals 436 µg/L and extend above the 87 µg/L limit five times, close to the number that would be expected for a 10-year recurrence interval in a 44-year record (four).
Once the maximum concentration in effluent that meets the water-quality standard in the reservoir has been determined, the value can be converted to a maximum aluminum load by multiplying by effluent discharge (table 4) .
The key factors that influence the amount of aluminum that can be discharged are summarized in table 4. They include the current concentrations of aluminum and DOC measured in the reservoir, estimated settling velocity of aluminum, current effluent discharge volume, the 7DF10 that applies to current effluent discharge and the aluminum concentration in the effluent, and the 7DF10 and the effluent concentration that would apply if the effluent concentration were increased to the highest value that still allows the reservoir standard of 87 µg/L to be met. The ratio of the highest permissible effluent concentration and the original effluent concentration indicates the factor by which the concentration could be increased and still meet the standard (for ratios greater than 1) or the factor by which concentration must be decreased to meet the standard (for ratios less than 1). Aluminum flux in the discharge is the calculated amount that is permissible for the reservoir standard to be met. The calculated permissible aluminum fluxes ranged from 0 to 28 kilograms of aluminum per day. 
Discussion of Method Applications Permitted Discharges
Results from the reservoirs simulated indicate that most suppliers could be discharging more aluminum in filter backwash than they are now and still meet the chronic standard for aluminum. Four reservoirs, however, are at or over the standard at the present rate of aluminum discharge. Three of these are reservoirs with high DOC concentrations in the water column and in tributaries (table 4, appendix 4). Several tributaries with high DOC concentrations had aluminum concentrations that were over the chronic standard for aluminum. Concentrations of aluminum in reservoirs receiving discharge from these tributaries would be greater than the chronic standard even without additional aluminum added from backwash discharges.
The high-aluminum, low-DOC reservoir exception was a small pond at the Clinton WTP, not part of the reservoir supply, which received a large aluminum discharge. In this case, removal by settling probably occurs, but is overwhelmed by the amount of aluminum discharged compared to the small area of the pond in which settling could occur. There is further discussion of this reservoir below.
Limits to the Applicability of the Method
The model did not apply well to the small pond receiving aluminum discharge at Clinton, Mass., the reservoir that plots well off the verification curve ( fig. 9 ). The Firm Yield Estimator model likely was not suited for estimating the inflow to this reservoir because of substantial groundwater flow. Located just below the Wachusett Reservoir Dam, this pond likely also received substantial dilution water from leakage through the dam that was not accounted for by the Firm Yield Estimator model. Increasing the flow through the pond from groundwater (run # 2, table 4) by 4.5 million gallons per day (Mgal/d) brought the simulated concentration to the level of the measured concentration of 221 µg/L. With the extra flow, a greater amount of aluminum could be discharged than was the case in the original simulation. The second permissible aluminum-concentration result is still less than the value currently discharged, however. The increased flow used in the second run has not been verified, and thus accurate regulation at this site would require more flow investigation.
Environmental Consequences of Aluminum Discharges
Potential violations of aluminum concentration standards are primarily associated with reservoirs that have high concentrations of DOC. Although the aluminum concentrations in these reservoirs may be above standards, the binding with DOC may keep the aluminum from becoming toxic to aquatic life (Gundersen and others, 1994) . Assessment of toxicity would require site-specific investigations of the effect of the water matrix on availability of aluminum to aquatic life.
Summary
A method was developed to assess dilution of the aluminum found in filter-backwash effluent discharged to reservoirs from water-treatment plants. The method was needed to facilitate discharge-permit writing by the Massachusetts Department of Environmental Protection to ensure compliance with water-quality standards for aquatic life. The method uses a mass-balance equation for aluminum in reservoirs that considers sources of aluminum from groundwater, surface water, and filter-backwash effluents and losses due to sedimentation, water withdrawal, and spill discharge from the reservoir. The method was applied to 13 water-supply reservoirs in Massachusetts.
A main result of this investigation was the determination that dilution for aluminum discharged to reservoirs depends on the concentration discharged, unlike the case generally assumed for discharge to streams. This means that a dilution factor (DF) value determined for low-flow conditions at one effluent concentration cannot be used to determine the effluent concentration that would just meet the standard. A series of determinations of dilution at multiple effluent concentrations can lead to a dilution-factor/discharge-concentration pair that will meet the standard. Although DF evaluation for reservoirs was different from that for streams, the method developed here results in protection from concentration exceedences above the chronic standard for reservoirs equivalent to that for discharge permitting for streams.
Aluminum loss from reservoirs by settling was found to be a function of the dissolved organic carbon (DOC) concentration in the reservoir. DOC binds aluminum chemically, thereby stabilizing it in the water column. Without stabilization by DOC, aluminum forms a hydroxide precipitate and settles out of the water column.
Simulations of aluminum dilution in the 13 reservoirs studied indicated that most of the aluminum discharges at present meet the chronic standard for aluminum, and discharge concentrations in 7 of the reservoirs could be increased and still meet the standard. Of the 4 reservoirs that do not meet the standard at the present discharge rate, 2 would not meet the standard even if no aluminum were discharged. These were reservoirs with the highest aluminum and DOC concentrations in the water column and input streams. ,1) ; %computes a value of sol (Al concentration) at each day dil = Ce./y; %computes the dilutions for each day l_dil = log10(dil); %computes log of the dilution factors figure %starts a new figure plot(x,y); %plots aluminum concentration versus day number in the figure xlabel('TIME, IN DAYS SINCE OCTOBER 1, 1960'); ylabel('ALUMINUM, IN MICROGRAMS PER LITER'); figure %starts a new figure plot(x,dil) %plots the dilution factor versus the day number xlabel('TIME, IN DAYS SINCE OCTOBER 1, 1960'); ylabel('DILUTION FACTOR'); a = [x; y; dil; l_dil]'; %creates a, which contains columns of day, %aluminum concentration, dilution factor, and log dilution factor save filea a -ASCII; %saves a in a file called filea x = linspace (17854, 17946, 17946) ; %creates x with values (days) between %17854 and 17946, which is when the settling velocity sampling took place y1 = deval(sol,x,1); %%computes a value of sol (Al concentration) at each day figure % starts figure 3 plot(x,y1); % plots aluminum concentration in a line for the period 17854 through 17946 xlabel('TIME, IN DAYS SINCE OCTOBER 1, 1960'); ylabel('ALUMINUM, IN MICROGRAMS PER LITER'); hold on %saves the last figure for the next plotting plot (17854,24,'o',17890,22,'o',17918,21,'o',17946,26,'o') ; %plots %the aluminum concentrations for the sampling MatLab file alode2.m function dcdt = alode2(t,c,days,QCint,QCin,Qoutt,Qout,Vot,Vo) QCin = interp1(days,QCin,t); % Interpolate the data set (days,Qw) at time t Qout = interp1(days,Qout,t); Vo = interp1(Vot,Vo,t); dcdt = (-Qout.*c + QCin)/Vo;% this is the differential equation %that is being solved Sample data from Lily Pond. (Zarriello and Ries, 2000) were averaged for each month. This reservoir is in contact with sand and gravel, but no transmissivity values were available in the hydrologic atlases. MassGIS has a GIS layer of medium-and high-yield aquifers, which intersect part of Wenham Lake. For the rest of the lake, a low-transmissivity area was assumed (less than 1,350), and a rough weighted average was taken. A second run with high transmissivity of 4,000 was completed, which increased the groundwater fluxes by about 50%, but groundwater fluxes are very small compared to other fluxes in the system, so groundwater is not very substantial. Withdrawals were set at 7.992 Mgal/d, which is the firm yield calculated by this model. Note that this is considerably lower than the firm yield calculated by an Ipswich River basin model (Zarriello and Ries, 2000) and also much lower than current water usage (~14 Mgal/d). If the model is run using current usage, it goes dry in the 1960s drought and never recovers. There are multiple reasons why these simulations will be inaccurate for reservoirs like this. The diversions in this system operate under some complex rules which we are not simulating with the firm yield. This will be the case for other reservoir systems such as Holden and Quittacas as well.
One Collected for previous firm-yield study (Waldron and Archfield, 2006) .
Winchester WTP South Reservoir-Run in series with North and Middle Reservoirs. South Reservoir is the terminal reservoir. Water from North Reservoir is pumped into Middle Reservoir and then flows by gravity into South Reservoir. The firm yield from each upstream river was used instead of taking the system firm yield entirely from South Reservoir (this is the way the Firm-Yield Estimator tool runs reservoirs in series; this may not be correct for this system).
One year of monthly average discharges from the supplier.
Collected for previous firm-yield study (Waldron and Archfield, 2006 
